The aims of this work were a better knowledge of hydraulic properties of fractured reservoirs in the Oumé area and to estimate the transmissivity of highly fractured hard rock using geostatistical approaches. The boreholes available tapping the fractured reservoirs and have a total depth oscillate between 39 to 93m. The inflows are met between 1 to 63m from the top of crystalline basement. Aquifers of crystalline rocks are more productive that those in the schists. Geostatistical approach is used to perform an assessment of transmissivity on Oumé area. The variographic analysis of logT showed a spatial structuring with a small nugget effect witch represented 17 % of the total dispersion. Cross-validation results showed that conditions of unbiasedness and optimality are met. The actual and estimated transmissivity values spread respectively on four and two orders of magnitude. This result was explained by missing of data and the kriging smoothing. Actual transmissivity values and kriging estimated values were comparables in statistical viewpoint. Estimated transmissivity values can be accepted and transmissivity map obtained will be used for the aquifer modelling. Geostatistical approach used in this study has supplied satisfactory results in the knowledge of this important parameter on the Oumé area.
INTRODUCTION
The rapid development of the Oumé area and the result increase in the population estimate to 3.8 % per year brought about a drastic increase in water requirements, which might be in the long term become problematic.
Better knowledge and management of water resources are necessary. Since several decades many studies have been achieved on this domain and many models have been proposed.
Water supply for drinking of the populations makes jointly surface water and groundwater in Africa in generally and in Côte d'Ivoire principally and representing 70 and 30 % respectively. In Côte d'Ivoire, essential of groundwaters resources is localised in fractured reservoirs of the crystalline basement, which occupies 97.5 % of land area (Lasm, 2000 ; Lasm et al., 2004) . In the crystalline basement zone and in tropical region, two types of reservoirs was distinguished (Biémi, 1992 , Faillat, 1986 Lasm, 2000) : weathered and fractured reservoirs. These two types of reservoirs are often superimposed or arranged laterally (Faillat, 1986) . Weathered and fractured aquifers have respectively a capacitive and a conductive function. Fractured reservoirs are often more quantitative than weathered reservoirs. Besides, they possess many advantages than weathered reservoirs. Because of their depth, these fractured reservoirs are often safe from all seasonal fluctuation and pollutions hazards. Thus, fractured aquifers are protected by weathered material and their resources are healthy from the bacteriological and parasitological threats (Collin, 1988) .
The knowledge of the fracturing in the Oumé is very fragmentary, indeed, very few studies have been achieved (Géomines, 1982; Faillat, 1986 ; Soro, 2010) . For having better knowledge of the fractured reservoirs, this study has been carried out. This present study concerns a zone localized in the Centre of Côte d'Ivoire where the available boreholes for water supply for drinking are numerous. During last two decades, several research drilling programmes have been carried out in the Oumé area, to improve the supply of drinking water in villages (BAD, BADEA, BOAD, AFD, FDPCC projects see Soro (2002) , Ahoussi (2008) , Youan and Soro (2010) .
This present study aims to determine hydraulic properties of fractured reservoirs in Oumé's area (centre of Côte d'Ivoire) and estimate transmissivity parameter by using geostatistical approach.
Study area:
The study area is localized in Oumé department, at centre of the Côte d'Ivoire. Its surface covers about 2 000 kilometers square and is ranging between longitudes 5° 10' and 5° 50' W and latitudes 6° 10' and 6° 40' N (figure 1). Relief is monotonous with large plains surmounted by small inselbergs at south sector. The hydrographic network of this area is dense and constituted principally of Bandama and Marahoué rivers. In geological viewpoint, the Oumé area is part of the Baoule-Mossi domain, at eastern major fault of Sassandra River. Geological formations have been structured during eburnean orogenesis (figure 1). Geological units can be subdivided in two groups (Arnould, 1961 ; Tagini, 1971 ; Géomines, 1982 , Yacé, 2002 :
A geological log of the study area -volcano-sedimentary, that includes two subsets : i) flyschoides, constituted of flyschs, schistss, meta sediments and undifferentiated rocks ; ii) and metavulcanites constituted by amphibolites, andesite, spilites, conglomerates and grauwackes. In this whole, schistss constitute the most predominant geological formations.
-and the granitoides, which are essentially constituted by granites and granodiorites.
The granitoides and metamorphic rocks occupied respectively 84 % and 16 % of the study area.
On tectonics viewpoint, the area has been affected by several tectonic phases which developed fracture networks in these formations. Fracturing is more developed in the volcano-sedimentary complex than on the granitoides. Fractures are generally straight and sub-vertical. These fractures would have replayed several times during their geological history (Géomines, 1982 ; Faillat, 1986) .
Data and methods:
Available data in this study came from geological map at 1/200 000 of Oumé area (Géomines, 1982) and boreholes technical sheets from BOAD-3, BAD and FDPCC projects for the water supply during 1996-2004's period. Boreholes coordinates come from technical sheets and used for establishment of boreholes distribution map (figure 1). These technical sheets give some information on discharge, tickness of weathered zone, depth of the hydraulically fracture active (inflow), depth of the boreholes, pumping data, etc.
The boreholes are isolated wells and capture groundwater resources contained in the fractured aquiferes, on which pumping test have been executed. The study presented here only relates to wells tapping the fractured crystalline and metamorphic aquifers in the of Oumé area. The distribution of wells is not homogeneous on the whole domain. Transmissivity has been calculated using the Theis recovery method (Theis, 1935) in order to reduce the effect of turbulent head loss in the well bore and gravel pack as suggested by many authors (Kawecki, 1993 (Kawecki, , 1995a . Transmissivity values obtain in this approach is more reliable and satisfactory because the flow inside of aquifer is not influenced.
Specific capacity was evaluated at the end of the third step after 12 hours of pumping. Indeed, the pumping tests lasting less than 12 h were not kept. Drawdowns were corrected for turbulent head losses before evaluating the specific capacity as suggest by many authors (Jalludin et Razack, 2004; Razack and Lasm, 2006, Srivastav et al., 2007; Rotzoll and El-Khadi, 2008) . Turbulent head losses were calculated by interpreting the step drawdown tests (Driscoll, 1986; Kruseman and de Ridder, 1990) .
Data base include 65 boreholes where transmissivity and specific capacity are determinated. These boreholes were retain because of their data were reliable.
Different parameters have been studied in order to know their influence on the aquifer productivity, such as the petrography nature of rocks, the depth of inflow, the transmissivity and the specific capacity.
Transmissivity data have been treated according a statistical and geostatistical analysis viewpoint. Statistical distribution law of this parameter is study and its assessment estimate of with kriging method.
The variogram allows to describe the spatial structure of the variable and to see the deterioration of the correlation between the measured points when the distance increases. Variogram allows making the passage from local knowledge to regional knowledge. Variogam is defined by the equation (1) :
Where h = xi -xj ; E : mathematical expectation; γ (h) is a semi-variogram.
Experimental variogram is analysed near the origin and at large distances of h. Behaviour of the variogram near the origin gives information about discontinuity or nugget effect of the study samplings.
Generally, nugget effect on experimental variogram is indicative of micro structuring at a scale which is smaller than scale of study samplings (i.e. microvariability) or it may indicate measurement errors (Razack, 1984 ; Massoud, 1988 ; Lasm, 2000; Razack and Lasm, 2006) . Practically on an experimental variogram, it is difficult to separate the nugget effect in microstructure and of the measurements errors. The behaviour of the variogram at large distances, allows determining if the spatial variable studied is stationary. For such stationary variable, the experimental variogram should stabilise around a value called the sill (C = C 0 +C 1 ). The range represents the value of h where the sill is obtained on the variogram. Beyond this distance, two point measurements of the spatial variable become uncorrelated.
The kriging technics can thereafter be used to perform an assessment of the spatial variable over the whole study domain. Kriging takes into account the spatial structure of the variable, characterized through the experimental variogram, which should previously be adjusted by a theorical analytical model (Razack and Lasm, 2006; Lasm et al., 2008) . A simplified presentation of the kriging theory is given hereunder. Interested readers can find more detailed presentations on this theory in the following references (Journel and Huijbregts, 1978; Myers, 1982 ; Razack, 1984 ; Isaaks et Srivastava, 1989; Kitanadis, 2000; Clark et Harper, 2000) .
After that variogram model is chosen, this variogram will be valid by cross validation procedure. This procedure is described in details in (Clark, 1986 ; Isaak and Srivastava, 1989 ; Gascuel-Odoux et al., 1994 ; Razack and Lasm, 2006) . Cross validation compares actual values with estimates values and comprises the steps consisting in (Razack and Lasm, 2006) : (i) eliminating a single value from the data set, (ii) kriging (or cokriging) an estimate (Z*) at this location using the surrounding values, (iii) calculating the actual error using (Z-Z*) (actual value-estimated value), and (iv) finding out the theoretical error using the kriging (or cokriging) variance (or its square-root, the standard deviation).
If the structural models are valid, the following results should be obtained:
The average of the actual errors should be zero (Eq. 2) and their variance should be a minimum (Eq. 3). The variance ratio of the actual errors to the average kriging (or cokriging) variance (Eq. 4) should be one.
For this study we have used GEO-EAS software (Englund and Sparks, 1991) to perform geostatistics analysis.
RESULTS

Productivity of the reservoirs:
The depth of the boreholes range from 39 to 93 m below the ground surface with overall an average of 60 m. Analysis of borehole logs permits to identify several inflows. These inflows are characterised by variable discharge, there are most with an important discharge whereas others are not with small discharge. Therefore inflows are not the same interest. Borehole logs show an increase of inflows with depth. An example of geological log is illustrated on the figure 2a.
The first inflows into boreholes of Oumé area are met between 1 and 63 m from the top of crystalline basement i.e. below weathered zones (between 10 and 72 from topographic surface). They are productive fractures, they present a good properties of geometric parameters. The most productive zones (Q ≥ 5 m Discharge spread on several orders of magnitude and are therefore very variable. Number of inflows varies at 1 to 4 with an average of 2 inflows by boreholes. These inflows are not all equivalent, some are more productive than of others. Beyond 63 m of depth, number of inflows decreases considerably.
Productivity of these inflows depends of geometric properties of the fracture networks (aperture, filling, connectivity, etc.) acquired during tectonics events, of tectonic intensity, of weathered zone thickness and the bed rock lithology. However, it's not excluded to meet some inflows with a discharge more important at very high depths. Besides, the boreholes can have only an inflow with a discharge more productive than a borehole presenting several inflows.
Analysis of average discharge of the inflows by slices of depth indicates that most productive inflows are met between 40 and 50 m (from top of crystalline basement). The average discharge increases progressively to reach the maximum at 19.7 m Rocks lithology in which is performed boreholes can influence discharge, because the geometry of the fractures network is specific to every rock lithology. Fractures will tend to present better geometric properties in types of rocks that in others. There are respectively 9 and 51 boreholes in the schistss and the crystalline rocks. The borehole number in the schistss has not permit to make a statistical analysis on productivity viewpoint. Important discharges (Q > 15 m . Transmissivity are more important in the crystalline rocks than in the schists formations. The summary statistics of these two variables are summarized in the table 1.
Frequency of distributions of the logarithm transformed variables (logT and log Q/s) on a arithmetic diagram plotted in figures 4 and 5. These diagrams clearly indicate that both variables (T and Q/s) are lognormally distributed. A KolmogorovSmirnov test shows that the lognormal adjustment is acceptable at threshold of 10%. 
Transmissivity estimation of the Oumé reservoirs by kriging: The variogram model given in equation (eq. 5) and the available logT sample data are used to perform a krigged estimation of logT over the study area with a mesh size of 5km × 5km. The estimate was made by using ordinary kriging (OK) and the structural model of equation (eq. 5). A cross-validation of variogramms model (eq. 5) is carried out in order to check its validity. Its purpose is to analyse the estimation errors. Results of the cross validation procedure are reported in ), spraying on two orders of magnitude. 
DISCUSSION
Precambrien crystalline basement of Côte d'Ivoire is fractured abundantly which is attested by works of many authors (Faillat, 1986; Biémi, 1992 ; Savané, 1997; Djro, 1998 ; Lasm, 2000 ; Lasm and Razack, 2001 ; Jourda, 2005 ; Jourda et al., 2006; Kouamé et al., 2009) . Most important part of groundwater resources of this country is contained in crystalline basement fractured reservoirs (Biémi, 1992 ; Lasm, 2000; Jourda, 2005; Jourda et al., 2006; Youan Ta, 2009 ; Soro, 2010) . Indeed, crystalline basement in Côte d'Ivoire represents about 97.5 % of the land area. Fractures developed in the crystalline basement by different tectonic events have not the same interest on hydraulic viewpoint because of permeabilities developed by these fractures. Indeed, some fractures can be sterile (closed fractures, secondary recrystallization i.e. vein, etc.) and others are conductive. The failure of rate in the identified fracturing is very low, this rate is generally inferior to 10 % when the wells tap fractured crystalline and metamorphic aquifers. Faillat (1986) indicates that if fractures are not reactivated, they will tend to fill whereas the neo-formed fractures will have more of luck to play an important hydrogeological role. Importance of these fractures for hydrogeologist is the role that is devolved to them on hydraulic viewpoint.
Productivity of fractured reservoirs has been explained by geometric properties of fractures and rock lithology. Indeed, these parameters influence water productivity as it is the case here. Similar studies have been achieved in various areas of Côte d'Ivoire : La Me area (Soro, 1987) , High Marahoué area (Biémi, 1992) , Odienné area (Savané et al., 1993; Savané et al., 1997) , Man-Danané area (Lasm, 2000; Lasm et al., 2004) , Korhogo area (Jourda et al., 2006) , Aboisso area (Dibi et al., 2004) . The synthesis of these works on aquifer productivity in crystalline basement area shows that aquifers of schistss are the most water productive in a few cases. However, in the Oumé area, the productivity of aquifer of crystalline rocks is better than productivity in the schistss. In this area we have luck (80 % of probability) to meet a sufficient discharge (Q > 1 m 3 .h -1 ) for water supply for farming populations in theses two family of rocks. In Man-Danané area, Lasm (2000) and Lasm et al. (2004) indicate that the most productive reservoirs were charnockites and granulites. These two domains (Man and BaouleMossi) have not the same geological and tectonic contexts. The geological history of Man-Danané and Oumé regions inscribes respectively in those of the Keneman-Man (archean) and Baoule-Mossi domains (Proterozoic). These two domains separated by the major fault of Sassandra that played an important role in isolation of the archean core of Côte d'Ivoire in term of eburnean tectonic constraints (Camil, 1984) . The archean core is characterized by a complex tectonic and this tectonic is polyphased (Papon and Lemarchand; 1973; Camil, 1984 ; Djro, 1998) . This tectonic had led to a very developed fracturing in archean rocks. Archean core of Man-Danané area is the most fractured zone of Côte d'Ivoire. Tectonic was develop a good geometric properties in theses fractures (Biémi, 1992 ; Lasm, 2000) and has contributed to the definition of hydraulic behaviour of fractures. Indeed, the aquifers in archean area are very productive than the aquifers of others areas in proterozoic domain (Lasm, 2000 ; Lasm et al., 2004) . The best productivity recorded in crystaline rocks in this study finds its explanation in the good hydraulic properties of their fractures acquired during different tectonic events. In the schists, the presence of fine shale particles is favourable to reduce discharge of inflows (Berger et al., 1981 ; Fahy, 1981) . This can explain the smaller discharge met generally in this formation. The productivity of aquifers varies therefore according to petrographic type of rocks.
The smaller discharges generally met in some programs of waters supplies for farming populations can be explained by the quality of hydrogeological studies before carrying out boreholes. Indeed, the boreholes are implanted solely on geomorphologic considerations (Faillat, 1986 ; Lasm, 2000; Lasm et al., 2004) . Geophysical and remote sensing approaches are used when the failure rate of boreholes performing with geomorphological approach is high i.e. more 50 %. The rate of failure is generally important and the specific capacity are low (Faillat, 1986 ; Biémi, 1992 (Faillat, 1986) . In farming zones of Côte d'Ivoire, searching of important discharge is not necessary (Soro, 1987) . This author indicates that a discharge superior to 1 m 3 .h -1 can be considered sufficient for water supply for farming populations. On the other hand in some important cities, the research are focused on the important discharges, what implies some advanced studies in hydrogeological viewpoint by using geophysics, photogeology and remote sensing approaches. Some discharges obtained in this study can be improved while coupling these different techniques. Biémi, (1992) ). Transmissivity calculated in Oumé's area spread on four orders of magnitude putting in evidence the heterogeneity of media. Transmissivity and specific capacity are distributed following lognormal low. The lognormality of the transmissivity and the specific capacity is well recognised in the literature (Bracq and Delay, 1997; Fabbri, 1997; Jalludin and Razack, 2004; Razack and Lasm, 2006 ; Lasm et al., 2008) .
The geostatistical analysis of the transmissivity values (logT) underlines that spatial distribution of this variable is not random but it present a spatial structuring. Variable logT behaves like a regionalized variable. The practical range (a = 7.5 km) can be explained by the important inter-connectivity of fracture networks in study area (Razack and Lasm, 2006; Lasm et al., 2008) . Similar studies undertaken in various areas of Côte d'Ivoire (Lasm, 2000 ; Soro et al., 2001 , Jourda, 2005 Razack and Lasm, 2006 ; Lasm et al., 2008; Youn Ta, 2008) The accuracy of the estimated transmissivity map can be, to some extent, interpreted with the use of the kriging standard deviation related to logT kriging. We can assume that at zones where logT estimates are not reliable, estimates of T are also not reliable. Accordingly, towards the boundaries of study area, kriging standard deviations increase gradually. Thus estimates become less and less reliable. It is the example of north-eastern and southern sectors. These estimations in these sectors are less reliable than those in central zone.
CONCLUSION
The present study aims at better knowledge of the hydraulic properties from fractured reservoirs in Oumé's area and the estimate of the transmissivity on the whole domain by kriging techniques. The main findings of this study are summarised as follows : 
